sex ratio of their brood to achieve some optimal combination of the sexes, in order to maximize their fitness if the likelihood of brood reduction can be reduced or perhaps if mortality can be directed differentially to one sex.
The bald eagle (Haliaeetus leucocephalus) is a species in which females are larger than males (by about 25% by weight ; Bortolotti 1984a,b) , eggs within a clutch hatch asynchronously, and competition among siblings may result in brood reduction. Elsewhere I have shown that hatching asynchrony and growth dynamics profoundly influence sibling competition in bald eagle broods (Bortolotti 1984c (Bortolotti , 1986 . In this paper, I examine the effects of sex, growth, and hatching asynchrony on the size difference between concurrent siblings to show how sibling competition may be an important selective force in the adaptive modification of nestling sex ratios.
METHODS
I studied the growth and behavior of bald eagles from 1980 to 1982 on Besnard Lake, Saskatchewan (55"201N, 106"001W). Nestlings were of known age, and their sex was determined by size (Bortolotti 1 9 8 4~) .
I fitted individual Gompertz equations (Ricklefs 1967 ) to weight and culmen-length data for 20 males and 18 females from a total of 19 nests to derive the growth-curve parameters K (a constant proportional to the overall growth rate), t (the inflection point), and a (the asymptote). (Additional details of growth analyses and data collection are given in Bortolotti 1984a,c,d.) My investigation of sibling competition was concerned with broods of two chicks (the modal brood size) and considered each eaglet's sex, order in the hatching sequence, and sex of brood mate; that is, a second-hatched (C2) male (M) raised with a first-hatched (C 1) male was regarded as different from a C2 male raised with a C1 female (F). Therefore, there are four categories of sex and hatching sequence: M-M, F-F, F-M, and M-F (the order of the letters corresponds to the order of hatching). To investigate the influence of growth dynamics on sibling competition, I first derived a separate Gompertz equation for C1 and C2 in each category using the means of the weight-growth parameters K, t , and a of the individuals in each category. This allowed me to estimate the weight of a nestling on any given day of age throughout the nestling period, for comparison with its sibling and eaglets in other types of broods. Because of the small sample of M-F bald eagle broods (see below), the growth curves for C l and C2 of this category were derived by taking the mean growth parameter values of C1 males in M-M broods and of C2 females in F-F broods. The relative size difference between siblings was calculated as a percentage of weight difference according to the formula (weight CI -weight C2)lweight C2 x 100, where weights of the chicks were taken from the growth equations for each day of age of C2, for a specific number of days for the hatching interval. Because of sample-size limitations, broods of all degrees of hatching asynchrony had to be pooled for each category of sex and hatching sequence. However, because the proportion of broods of each hatching interval (either 1 or 2 days) was equal for all categories, the possibility of biases should be minimized. For comparison to bald eagles, I investigated the interaction of growth, sex, and hatching sequence for golden eagles (Aqmila chtysaetos) using K, t , and (1 growth parameters (Collopy 1980) .
In my analysis of bald eagle nestling sex ratios, I also used unpublished data on the sex of eaglets banded by J. M. Gerrard and D. W. A. Whitfield on Besnard Lake in 1975 and 1976 . Measurements of these eaglets, particularly flight-feather lengths (Bortolotti 1984a) , allowed me to determine the sex and hatching sequence of each eaglet within a brood.
I observed sibling aggression in two-chick bald eagle broods from nearby treetop and ground blinds at two nests in 1980 and at three nests in both 1981 and 1982. I took detailed behavioral notes for a total of 1025 h over 137 days, approximately evenly distributed among the nests over the entire nestling period.
RESULTS

Sex Ratio
Of 56 bald eagle nestlings for which I knew hatching sequence and sex from 1980 to 1982, females represented 63% of the first-hatched eggs and 31% of the second-hatched eggs. Sex and hatching sequence were not independent (G = 6.04, P < .025). For a total of 74 chicks for all years combined, the effect of sex on hatching order was even stronger (G = 8.03, P < .005). Table 1 shows the frequency of broods of different categories of sex and hatching sequence for all broods that survived to banding age (about 5 weeks old or more). As expected from the low incidence of first-egg males and second-egg females, M-F broods are less common than expected from a random assortment during 1980-1982 (X' = 6.75, df = 2, P < .05) and for all years combined ( X 2 = 10.85, df = 2, P < .01).
Consistent with these data, Herrick (1932) reported two bald eagle broods of the sequence F-M-M and one brood of F-M. There was no significant ( P > .5) difference from a nestling population sex ratio of 1 : 1 in any year or for all years combined (a total of 53 males and 50 females).
It is important to distinguish between primary and secondary sex-ratio adjustment (Myers 1978) . My data probably reflect the sex ratio at hatching because only a few chicks died before they could be sexed. From 1980 to 1982 only two nestlings in two-chick broods died; in one nest the C1 survivor was a male, and in the other it was a female. Therefore, the sex bias in hatching sequence is not the result of differential mortality, as found by Howe (1976) and perhaps Fiala (1981) and Bancroft (1983) . Blank and Nolan (1983) believed that a low survivorship of female embryos may account for the skewed sex ratio with increased maternal age in red-winged blackbirds (Agelaius phoeniceus). In my study, 8% of the eggs were inviable. Although the laying sequence of these eggs was not known, they were probably the first egg laid since their size was the same as viable first-hatched eggs and larger than viable second-hatched eggs. Infertility of the first-laid egg is common in the American kestrel, Falco sparverius (Bird and Lague 1982) . The frequency of inviable eggs does not account for the paucity of M-F broods.
Sex-SpeciJic Growth and Sibling Competition
The difference in weight between sibling bald eagles depends on the degree of hatching asynchrony and the growth pattern of each chick (Bortolotti 1986) . The magnitude of the weight differences between siblings is a good predictor of the competitive advantage that one chick has over its nest mate (Yom-Tov and Ollason 1976; Werschkul 1979; Hahn 1981; Bortolotti 1986) , and this in turn reflects the probability of brood reduction (Procter 1975; Edwards and Collopy 1983) . Here I describe how sex-specific growth may influence the relative size differences between siblings, and hence presumably sibling competition, in bald and golden eagles. I first present a preliminary set of curves, and I then modify them to illustrate the potential effect of sex differences in growth parameters (rate, form, and asymptote).
If the sexes differed only in asymptotic size but not in overall growth rate or age at the inflection point, siblings would differ in size as shown by the preliminary curves in figure 1A for bald eagles and 1B for golden eagles for broods composed of different combinations of the sexes. The curves of the two species differ because bald eagle growth is best described by a Gompertz equation, whereas golden eagle growth is best described by the logistic equation. These hypothetical preliminary curves assume that C1 and C2 have identical K and t values. For both species, the probability of brood reduction (the height of the curve along the yaxis) is not independent of the sex composition of the brood.
I modified the curves for bald eagles by incorporating growth data specific to sex (males have earlier inflection points; Bortolotti 19846) and hatching sequence (C2s have lower K and higher t values; Bortolotti 1984~). As shown in figure IC , the modified pattern results in a change in the relative positions of the curves of sibling-size difference among broods of different sex composition. Whereas a firsthatched female was initially predicted to have a large competitive advantage over a male nest mate (the greatest for any bird; fig. lA ), such an advantage may not exist ( fig. IC) . Instead, a first-hatched male bald eagle should have a relatively greater size advantage over its female sibling. Although this may be true for only the first week or so, this period is crucial to the survival of C2 (Meyburg 1974; Edwards and Collopy 1983; pers. obs.) . The F-M, M-M, and F-F broods are
-Percent differences in weight between sibling eagles when the growth curves of the sexes differ only in asymptote (preliminary pattern): A , bald eagles: B, golden eagles. The weight differences when the growth curves of the sexes differ in asymptote and inflection point (modified pattern): C, bald eagles; D, golden eagles. C also incorporates a reduced growth rate for the second-hatched nestling (see the text). Negative differences occur when the second-hatched nestling is heavier than the first-hatched nestling.
initially very similar, with a sibling-size difference of only 70% of that in M-F broods ( fig. IC) . The single M-F brood I observed (table I ) had the largest weight differences (actual data) of any two-chick brood I examined, as would be predicted from figure 1C. Brood reduction did not occur in the M-F brood probably because the nest tree was directly adjacent to a rapids with a superabundance of prey (spawning fish) during the entire period when C2's life would normally have been in jeopardy.
Although golden eagles also have sex-specific growth (Collopy 1980) , incorporating it into the model ( fig. ID) did not alter the relative positions of the curves of sibling-size difference. The relationships among broods in figure ID are similar to those based on actual measurements presented by Edwards and Collopy (1983) for a limited number of broods. F-M size differences were larger initially and lasted longer than in other broods. Hence, F-M broods should experience brood reduction more frequently than others. The size differences between siblings in figure 1D are smaller than those in Edwards and Collopy, perhaps because the effect of sibling competition on the growth of C2 was not included because of lack of data.
The relative positions of the sibling-size-difference curves in figure 1C should approximate the nature of sibling competition within and among different types of broods. The size advantage that C 1 has over C2 is greater in a F-M brood than in a single-sex (F-F or M-M) brood. In the two F-M broods I observed, the female was clearly dominant over the male (e.g., in determining which chick fed first from prey brought to the nest). However, except in the early period when size differences were greatest, the older eaglet was not always dominant over the younger in M-M and F-F broods. Single-sex broods lacked a clear dominance relationship and even showed a reversal in dominance (where C2 dominated Cl) midway to late in the nestling period, probably because C l s had lost their size advantage (as shown in fig. 1C ). In fact, in seven single-sex broods C2 surpassed C l in linear dimensions, and only in three broods did C1 grow to be larger than C2.
On the basis of these observations, C l s in F-M broods should always grow relatively well, whereas C2s should grow well only in nests where food is plentiful (resources are variable among nests; Bortolotti, unpubl, data) . Because of the smaller sibling-size differences in M-M and F-F broods, C l chicks have less of an advantage in obtaining food. Thus, both C1 and C2 should grow either well or poorly depending on resources. Furthermore, if sibling-size differences are not large enough to establish a clear dominance hierarchy, siblings may waste more energy competing than when size differences are great (Hamilton 1964; Hahn 1981) . Therefore, I made the following predictions regarding the variability of nestling growth within and among broods: (1) the growth of C l s should be less variable than the growth of C2s, and this difference should be more pronounced in F-M broods than in single-sex broods; and (2) the growth of chicks in F-M broods should be less variable than the growth of chicks in single-sex broods (compared within the same order in the hatching sequence). The coefficients of variation of the growth parameters for each sexlhatching-sequence category largely supported these predictions (table 2) . Since sibling competition affects the form and rate of growth curves but not the asymptotic size (Bortolotti 1984c) , the coefficients of variation for a were generally smaller and differed less between siblings than the coefficients for other growth parameters.
Other explanations for within-brood growth variability have been proposed. Richter (1983) hypothesized that altricial birds may counter the size and hence the cost disparity of sexually dimorphic young by feeding offspring of the larger sex extra food only when resources are plentiful; otherwise, the sexes would receive equal food delivery. He predicted that the larger sex should show greater variabil- ity in growth'than the smaller sex. Female bald eagles in a F-M brood should therefore be more variable in growth than their younger brothers, and the growth of eaglets in F-F broods should be more variable than those in M-M broods. Neither prediction was supported by the data (table 2) . The data in table 2 and my behavioral observations suggested that sibling competition in single-sex broods differs from that in F-M broods. I could not examine actual differences between M-F and F-M broods because of the sex bias in hatching sequence. Therefore, I compared sibling-size differences in hypothetical mixed-sex broods of bald eagles. In figure 2 , the "observed" growth parameters for eaglets in mixed-sex broods are the same as those in figure 1. They are compared with a hypothetical situation in which both C1 and C2 grow at the rate of C1 chicks in single-sex broods; for example, in the hypothetical M-F brood, the male was assigned the growth parameters of C1 males of M-M broods, and the female was assigned the parameters of C1 females in F-F broods. As stated earlier, only one M-F brood existed, and in figure 2 I used the values of C1 males in M-M broods and C2 females in F-F broods for the "observed" curve. The actual measurements of weight differences of the one M-F brood (indicated by the stars in figure 2A) closely agreed with the "observed" curve, and therefore the curve is likely a valid representation. In fact, the size differences shown by the curve are probably conservative, since the single M-F brood did not experience food stress (see above). The difference between observed and hypothetical curves represents the effect on the growth of C2 of having a sibling of the opposite sex. A comparison of figure 2A with 2B and of 2C with 2 0 shows that the disadvantage of hatching second would be largest for a male in a F-M brood. However, more relevant to the probability of brood reduction, the absolute disadvantage of C2 (the height along the y-axis) would be greatest for a female in a M-F brood.
Mortality during the nestling period may not be the only consequence of sibling competition in M-F broods. The postfledging survival of C2 might be influenced by poor growth as a nestling. The development of the female in the only M-F brood was in fact delayed. Compared with other C2 females, her culmen-length growth curve had a much later inflection point ( t , = 5.24, df = 5 , P < .01; Sokal and Rohlf 1969); and although not significantly different, her growth-rate constant was the lowest of any eaglet. Although differential mortality between the sexes after the period of parental care cannot influence the neonatal sex ratio (Leigh 1970) , postfledging bald eagles are dependent on their parents for food (for an unknown length of time).
In the postfledging but pre-independence period, sexual differences in the development of flight abilities might influence an eaglet's probability of survival. The male bald eagle nestlings I observed were noticeably more active and agile than females (typica! for raptors: Newton 1979). Consistent with the earlier emergence of their flight feathers (Bortolotti 1 9 8 4~) and the earlier inflection points of their growth curves (Bortolotti 1984d) , males fledge at a younger age than females. The mean age at which males first left the nest was 78.0 days (SD = 3.60, N = 29), whereas the mean age for females was 82.0 days (SD = 3.50, N = 21) ( t = 3.88, df = 48, P < .001), Because these sex differences were greater than the hatching interval between siblings. males often left the nest before their older female nest mates. For the one M-F brood, the male fledged at least 10 days before the female. A day or two between siblings was more typical. Because fledging age is a good indicator of physical development (Bortolotti 19844 , the extreme difference in fledging age between siblings in the M-F brood further suggests that the male had a substantial advantage over the female. It is quite plausible that the male fledgling of a M-F brood, upon seeing its parents catch prey, would fly to them and get the food (eaglets are aggressive, and they grab food from the adults and dominatk possession of it). Such behavior could substantially reduce the amount of food delivered to the female chick remaining in the nest. Similarly, the female bpon fledging may not be able to compete well with the more experienced, agile, older male fledgling.
DISCUSSION
As suggested in figures 1 and 2, M-F broods of bald eagles are more likely to experience brood reduction than other hatching combinations. The sex-dependeni hatching sequence may be adaptive because it avoids the brood type in which mortality would most likely occur. Furthermore, a comparison of bald eagle brood types in figures lA and 1C shows that sex-specific growth lowers the competitive disadvantage of C2 in F-M broods. thus enhancing the survival potential of C2 in that brood. The result of sex-specific growth coupled with a sex bias in hatching sequence is that more young can be raised, at least to fledging age.
The bald eagle and the golden eagle are alike in size, morphology, and degree of sexual dimorphism, but they are quite different with regard to their ecology and the nature and frequency of nestling mortality from sibling conflicts. The relative stability and predictability of prey populations of the two eagles may explain some of these differences. Food resources have been shown to correlate with sibling aggression and brood reduction for some raptors (Stinson 1980; Poole 1982 : Bechard 1983 . The principal prey of golden eagles in many areas are jackrabbits (Lepris spp.; see Brown and Amadon 1968) , which are an unpredictable resource because they experience large annual fluctuations in population density (Collopy 1980; Steenhof et al. 1983) . High reproductive success and an unbiased sex ratio at fledging coincide with high jackrabbit numbers, whereas brood reduction and a significantly biased sex ratio in favor of females occurs in years of low jackrabbit numbers (Collopy 1980) . High male mortality is predicted in F-M broods of golden eagles since that brood combination shows the largest degree of sibling-size differences ( fig. ID) . As the threshold for brood reduction is lowered in times of low prey availability, resulting male mortality should skew the sex ratio (see also Edwards and Collopy 1983) . In contrast to the golden eagle, bald eagles in Saskatchewan are almost exclusively piscivorous. Since bald eagles feed on a wide variety of age classes of various species of fish (pers. obs.), their food resources should be more stable and predictable than those of golden eagles.
The means by which sibling competition may end in brood reduction are variable and complex (see review in Mock 1984) . For birds of prey, accounts of violent sibling aggression resulting in the death of a nestling are not uncommon (Meyburg 1974; Newton 1979; Poole 1982) . Other, less extreme, forms of sibling competition are probably more relevant to brood reduction in non-raptorial birds. The degree to which a more passive form of sibling competition could be important to nestling survival may depend on the s i~e of the species. As body size decreases among avian taxa, the importance of existence energy costs to the total energy requirements increases (Ricklefs 1974) . If food becomes limited, nestlings of small species (and the larger sex of those species) would most frequently receive resources inadequate to meet their existence energy needs. Studies of passerines suggest that the larger sex is in fact disproportionately affected by sibling competition (Howe 1976; Slagsvold 1982; Bancroft 1983; Richter 1983) . For large birds such as eagles, growth would be detrimentally affected when food intake is restricted (Bortolotti 1986 ), but the young may receive enough energy to satisfy their relatively smaller existence energy requirements. Therefore, relatively large species may more frequently employ violent sibling aggression than do small species, in order to cause a drastic reduction in food intake below the level required for a competing sibling to survive. In fact, birds that typically exhibit violent sibling aggression are large, for example, pelicans (Pelecanidae; Cooper 1980), cranes (Gruidae ; Miller 1973), skuas (Laridae; Procter 1975) , herons (Ardeidae; Werschkul 1979), owls (Strigidae; Ingram 1959), and boobies (Sulidae; Nelson 1978) . Within the Accipitridae, the small species generally do not show sibling aggression, whereas most large ones do (Newton 1979) . However, body size may perhaps also be correlated with the ability of chicks to physically damage each other.
A sex bias in hatching sequence has been found in phylogenetically distinct taxa: the bald eagle, snow goose (Chen caerrrlescens, Ankney 1982; but see Cooke and Harmsen 1983) , and ring-billed gull (Larrrs delawarensi~, Ryder 1983) . If the influence of sex-specific growth dynamics on the probability of brood reduction accounts for the sex bias in bald eagles, a similar proximate mechanism for the other species seems unlikely. However, these three species are so alike in the degree to which the sex bias occurs that they may all be under similar ecological or physiological constraints. The frequency of the predominant sex in the first egg (first two for snow geese) was 63% for bald eagles, 64% for ring-billed gulls, and 64% for snow geese. Likewise, the second egg (last two for snow geese) of the opposite sex was 6995, 61%, and 7295, respectively. Because the bias for the second egg is toward the opposite sex and near in magnitude to the bias for the first egg, the result for the population should be a 1 : 1 sex ratio if significant C2 mortality does not occur.
The equal production of the sexes would also be true for the total reproductive output in an individual female's lifetime. Ryder (1983) proposed that the allocation of sex to specific eggs enhances the probability of an even sex ratio. The similarity in the degree of sex bias in hatching sequence among the three species suggests that there may be limits to the bias. For the bald eagle, there were roughly comparable numbers of mixed-sex and single-sex broods (table 1) . If the percentage of F-M hatchings were much larger than that observed, most broods would be the F-M type. Given the possibility of brood reduction and high postfledging mortality of C2, the reproductive output of breeding females would be skewed in favor of females. The observed degree of sex bias results in the occupation of the C l and C 2 positions by both males and females, thus ensuring that over an individual female's reproductive life, offspring of good quality (in terms of survival or competition for mates) of both sexes would be produced. The limitations on the degree of skewness of sex ratio in hatching sequence might therefore also be explained by Fisher's (1930) prediction that individuals invest equally in the production of each sex.
Theoretically, the ratio of male to female offspring should equal the inverse ratio of the cost of their rearing. For birds exhibiting brood reduction, the cost of raising offspring sexually dimorphic in size may not be independent of the sex composition of the brood if males and females are not equally affected by sibling competition or are not equally effective at competing with a sibling of the opposite sex. Parents may thus manipulate the sex ratio of their brood to achieve an optimal combination of the sexes and to maximize their fitness. By examining the effects of sex, growth, and hatching asynchrony on the relative size of sibling bald eagles, I show that the probability of brood reduction is not equal among broods of different sex composition. The hatching sequence of male first and female second was predicted to have the greatest chance of experiencing nestling mortality. This type of brood is rare in bald eagles because there is a sex-dependent hatching sequence whereby the first egg in mixed-sex clutches is predominantly female (93%). In contrast, golden eagle broods of female first and male second appear to be the combination most likely to result in brood reduction. Golden eagles do not adjust their prenatal sex ratio, but there is a postnatal sex bias in favor of females caused by brood reduction in years of poor food availability.
